Spinocerebellar ataxia type 10 (SCA10) is a rare autosomal dominant cerebellar ataxia caused by nucleotide ATTCT expansion in ATXN10 gene. SCA10 has been reported in patients of cerebellar ataxia from Amerindian/ Latin America and in East Asian ancestry. A common founder has been ascribed to the origin of ATTCT repeat expansion mutation in both the population. Here we present our investigation of the SCA10 pentanucleotide repeat expansion in 461 SCA patients of the Indian population. The analysis of multi-ethnic at-risk haplotype C-(ATTCT)n-GGC was performed using genotype data of various ethnic population included in the 1000 Genomes Project (KGP) to infer the prevalence of at-risk haplotype in the Indian populations. Unsurprisingly, none of the patient's DNA samples with (ATTCT)n expansion was observed in pathological range, however, the observed normal range of (ATTCT)n was 8-22 repeats, suggesting very rare or absence of the occurrence of SCA10 in Indian SCA patients. The at-risk haplotype, CGGC was found to be the most prevalent haplotype across different populations and no segregation of CGGC haplotype with large normal or small normal ATTCT repeats length was observed. However, on extended haplotype analysis, some lineage of CGGC with a flanking divergence at 5′ end was observed specifically in the American or East Asian population but not in other population in KGP dataset. Together, these evidence points towards the absence of SCA10 in Indian population and haplotype-based analysis also suggests its occurrence to be rare in South Asian, European and African population. Further investigations are required to establish the present finding. Significance: The implications of the findings of this study are 1.) For the diagnostic work-up of SCAs in the Indian population and to decide upon inclusion of SCA10 in panel based genetic investigations even for Indians living abroad. 2.) The haplotype based inference of its presumptive prevalence through the estimation of at-risk haplotype using population genetics approach (South-Asians as the background) allowed us to estimate the possible absence of SCA10 in Indian population. SCA10 is a rare autosomal dominant cerebellar ataxia mostly reported among SCA patients from Latin America and recently described in East Asia population. The genetic study of SCA10 performed in the unrelated Indian spinocerebellar ataxia patients with heterogeneous ethnicity confirmed its absence from the Indian population and that conforms to population genetic based inference of its rarity or absence. 3.) This approach may be adopted for the screening of other subtypes of SCAs, i.e. other rare SCAs e.g. SCA31, SCA36, and SCA37.
Spinocerebellar ataxia type 10 (SCA10) is a rare autosomal dominant cerebellar ataxia caused by nucleotide ATTCT expansion in ATXN10 gene. SCA10 has been reported in patients of cerebellar ataxia from Amerindian/ Latin America and in East Asian ancestry. A common founder has been ascribed to the origin of ATTCT repeat expansion mutation in both the population. Here we present our investigation of the SCA10 pentanucleotide repeat expansion in 461 SCA patients of the Indian population. The analysis of multi-ethnic at-risk haplotype C-(ATTCT)n-GGC was performed using genotype data of various ethnic population included in the 1000 Genomes Project (KGP) to infer the prevalence of at-risk haplotype in the Indian populations. Unsurprisingly, none of the patient's DNA samples with (ATTCT)n expansion was observed in pathological range, however, the observed normal range of (ATTCT)n was [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] repeats, suggesting very rare or absence of the occurrence of SCA10 in Indian SCA patients. The at-risk haplotype, CGGC was found to be the most prevalent haplotype across different populations and no segregation of CGGC haplotype with large normal or small normal ATTCT repeats length was observed. However, on extended haplotype analysis, some lineage of CGGC with a flanking divergence at 5′ end was observed specifically in the American or East Asian population but not in other population in KGP dataset. Together, these evidence points towards the absence of SCA10 in Indian population and haplotype-based analysis also suggests its occurrence to be rare in South Asian, European and African population. Further investigations are required to establish the present finding. Significance: The implications of the findings of this study are 1.) For the diagnostic work-up of SCAs in the Indian population and to decide upon inclusion of SCA10 in panel based genetic investigations even for Indians living abroad. 2.) The haplotype based inference of its presumptive prevalence through the estimation of at-risk haplotype using population genetics approach (South-Asians as the background) allowed us to estimate the possible absence of SCA10 in Indian population. SCA10 is a rare autosomal dominant cerebellar ataxia mostly reported among SCA patients from Latin America and recently described in East Asia population. The genetic study of SCA10 performed in the unrelated Indian spinocerebellar ataxia patients with heterogeneous ethnicity confirmed its absence from the Indian population and that conforms to population genetic based inference of its rarity or absence. 3.) This approach may be adopted for the screening of other subtypes of SCAs, i.e. other rare SCAs e.g. SCA31, SCA36, and SCA37. [1, 6] revealed the characteristic phenotype of pure cerebellar ataxia associated with seizures. Subsequently, general features of ataxia including gait ataxia, dysarthria, variable limb ataxia, and ocular movement abnormalities have been witnessed in SCA10 positive patients [5, 7, 8] . Further characterization of new SCA10 families unveiled association with diverse phenotypes like polyneuropathy, pyramidal signs, cognitive impairment and neuropsychiatric disturbance, and even manifestation of ataxia without seizures [5, 9] . The observed variability in the clinical spectrum of patients could be linked to the ethnicity of the reported cases [5] . In the reported cases, the age of onset of SCA10 varied from 12 to 48 years, however, progressive earlier disease onset has been anticipated in successive generations in affected members of SCA10 families [1, 2, 9] .
Initially, SCA 10 was widely found in regions of Latin America mostly in Mexico and Brazil, where it was the second most common SCA after SCA3 (Brazil) and SCA2 (Mexico) [10] . An extensive haplotype analysis by Almeida et al., demonstrated ancestral origin of SCA10, presumed to have arisen in the Amerindian population. These findings relatively combined with the sequential dispersion of SCA10 all over Latin American countries, provide evidence for a common founder mutation [11, 12] . SCA10 cases reported in patients from the USA, Mexico, Argentina, Venezuela, Colombia, Bolivia, Brazil, Peru, China and recently in Japan shared common haplotype found in the Amerindian population [5, 7, [13] [14] [15] [16] [17] .
Previous reports have suggested the absence ATXN10 pathogenic expansion in certain Asian populations like Japanese, Chinese, and Indian [14, 15] . Contrary to this definition/belief, recently SCA10 positive families have been identified in the East Asian population of China and Japan. This intriguing finding prompted us to investigate the presence of SCA10 in the Indian population. Henceforth, the aim of the present study was to investigate SCA10 (ATTCT)n repeat expansion in a reasonable cohort of 461 patients of Indian origin presenting with ADCA phenotype which were essentially negative for primary genetic screening panel for Ataxia. The distribution of ATXN10 normal alleles was also determined in a cohort of control samples. Furthermore, the analysis and distribution of known intragenic haplotype CGGC and extended haplotype lineages flanking the pentanucleotide repeat of ATXN10 was performed utilizing the dataset from 1000 Genome Project to support our findings through population genetics approach [18].
Methods

Patient recruitment
A total of 461 unrelated patients enrolled in the CSIR-GOMED project [an initiative taken for investigation of neurogenetic and other prevalent genetic disorders in the Indian population (http://gomed. igib.in)] during 2015-2018 were included in the study. These patient samples had essentially come for genetic screening for SCA and was found negative for the primary screening panel inclusive of SCA1, SCA2, SCA3, SCA6, SCA7, SCA12, and SCA17.
We also included 117 neurologically healthy subjects as controls in this study. The study was approved by the ethics committee CSIR-IGIB. Written informed consent was obtained from all patients and controls for molecular genetic testing and research.
Molecular testing for ATXN10 repeat expansion analysis
Blood samples was collected from all patients and controls included in the study. Genomic DNA was extracted from peripheral blood 
PCR and fragment analysis
Flanking PCR was performed using fluorescently labelled ATXN10 locus-specific primers to assess (ATTCT)n repeats in all patients and controls included in the study. The sequence of primers used were as follows: SCA10-FP (5´-6-FAM-CAGATGGCAGAATGATAAACTCAA-3´) primer and SCA10-RP (5´-AGCCTGGGCAACATAGAGAGA-3´). PCR was performed in a 10-μl reaction containing 100ոg of genomic DNA, 0.3 pmol of each primer, 2.5 mM of each dNTP, 15 mM MgCl 2 , 5 M betaine and 1U of AmpliTaq Gold polymerase in the 10X buffer (Applied Biosystems). The reaction conditions were as follows: initial denaturation at 96°C for 5 min; 35 cycles of denaturation at 96°C for 45 s, annealing at 60°C for 1 min, and extension at 72°C for 3 min (all steps were completed using ABI thermal cycler). PCR products were separated on ABI 3500XL Genetic Analyzer (Applied Biosystems) and evaluated using the GeneMapper v4.1 software with ROX-500 as an internal standard marker (Applied Biosystems).
Repeat-primed (RP) PCR protocol was followed for the detection of expanded ATXN10 allele for all samples which showed homozygous peak in the flanking PCR [19, 20] . It was carried out using three primers including one FAM labelled forward primer (FP) (SCA10-5′-6-FAM-GAAGACAAATAGAAAACAGATGGCACA), a first reverse primer RP-R1 (5′-TACGCATCCCAGTTTGAGACG GAATAGAATAGAATAGAATAGAA TAGAATAGAATAGAATAG) and a second reverse RP-R2 anchor tail (5′-TACGCATCCCAGTTTGAGACG). RP-PCR was carried out as follows: 100 ng of genomic DNA, 0.8 μM FP, 0.08 μM of RP-R1 primer and 0.8 μM of the RP-R2 primer, with FAILSAFE I reagent (epicentre), and 1U of AmpliTaq Gold polymerase (Applied Biosystems). Amplified fragments were separated and analyzed on ABI 3500XL Genetic Analyzer (Applied Biosystems) and evaluated using the GeneMapper v4.1 software (Applied Biosystems).
SCA10 haplotype analysis
SCA10 at-risk haplotype (CGGC) analysis was carried out using reported marker SNPs C(rs5764850), G(rs72556348), G(rs72556349), C(rs72556350) which are considered as stable haplotype markers in SCA10 cases flanking the repeat expansion region [12] . The study of risk haplotype variants was performed using the 1000 Genomes population data which provides information about genetic variants found in European (EUR), East Asian (EAS), American (AMR), African (AFR) and South Asian (SAS) population [18] . The genetic variants of five different populations distributed across the world were reconstructed for estimating haplotype frequency with most likely haplotype pairing among individuals of different population using PHASE v2.1 [21] . Similarly, the normal count and distribution of ATTCT repeat in five different populations with varying SNP lineages was studied using the 1000 Genomes Project and PHASE v2.1. For extended haplotype analysis in (ATTCT)n repeat flanking region, SNPs genotype variant data was obtained for ATXN10 region covering 5118 SNPs. From these, SNPs with allele frequency > 0.05 were chosen for further haplotype analysis. A total of 56 SNPs (spanning ∼26kbp region) remained for the haplotype analysis and were analyzed using PHASE v2.1.
Results
Brief clinical details of the study cohort
The patients included in the study was essentially diagnosed with cerebellar ataxia with variable phenotype. It included a clinically heterogeneous cohort with mild to severe apparent signs of cerebellar ataxia, dysarthria and other neurologic signs and symptoms of varying durations. Of the total samples taken for the study, 324 patients were male and 137 were female. The patients were further categorized as Early onset cerebellar ataxia (6-25 years; mean age:18.6; n = 72), adult onset cerebellar ataxia (26-45 years; mean age: 35.4 years; n = 156) and late onset cerebellar ataxia (46-80 years; mean age: 58.8 years; n = 207) with major phenotype of ADCA/SCA cases (for 6% of cases age information were not available with the referral documents).
ATTCT repeats in patients and control population
Pathogenic repeat expansion for SCA10 was not observed in any of the patients included in the study. Moreover, genetic analysis of ATTCT repeat region in ATXN 10 gene (allele count n = 922) revealed that 78.8% of patients were heterozygous with repeats ranging from 8 to 22. The most common ATTCT repeat was 13 found in 29.27% of patients followed by 14 repeats in 26.67% of cases ( Fig. 1a ). Further, repeat primed PCR analysis confirmed that the remaining 21.2% of patients were homozygous with allele ranging from 11 to 19 repeats. Also, in the homozygous state, allele 13/13 ATTCT repeats were the most recurrent with the frequency of 45% followed by 14/14 repeats.
In the 117 control individuals, the ATTCT repeat ranged from 10 to 22, with 82.1% heterozygosity, and the remaining 17.9% samples were homozygous. The control group showed 13 ATTCT repeats as most frequent with an estimated frequency of 30.8% followed by 14/14 repeat. We also compared the results with the reference samples present in the 1000 Genomes Project SAS population showing 12 ATTCT repeats as the most common repeat in the cohort of 86 reference samples.
Haplotype distribution and its inference in Indian population
To assess the frequency distribution of at-risk haplotype for ATTCT expansion 'C-(ATTCT)n-GGC', the genotype variants of SNPs Table 1 ). The CGGC (spanning over 2 kbp) haplotype was most common among all the populations followed by AGGC whereas another haplotype variant was found in specific population only as shown in (Fig. 1c ). Amongst five different populations, estimated frequency of CGGC haplotype was found to be 33% in AFR, 67% in AMR, 75.7% in EAS, 62.3% in EUR and 76.13% in SAS population. The CGGC haplotype was not found to be segregating with either large normal or small normal ATTCT repeat length. The distribution of ATTCT repeat number with CGGC haplotype in five populations demonstrated that 12 repeats of ATTCT was most frequently associated with CGGC haplotype across all populations including the SAS population (Fig. 1d) . As the at-risk haplotype lineage was found to be quite frequent, we investigated the TCACGTGTGAAGATTAGCCGAACC B  1  6  7  5  4  5  11  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  10  15  12  11  6  12  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGATTAGCCGAACC B  2  6  24  12  23  7  13  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  2  7  1  5  8  14  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  6  0  2  9  15  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGATTAGCCGAACC B  1  0  0  0  0  4  10  TTGGGCTATGTGTCAGAAAAAAAAGAG 3  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  1  0  0  0  5  11  TTGGGCTTTGTGTCAGAAAAAAAAGAG 7  CGGC  TCACGTGTGAAGATTAGCCGAACC B  1  0  0  0  0  6  12  TTGGGCTTTGTGTCAGAAAAAAAAGAG 7  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  0  2  0  5  11  TTGGGCTTTATGTCAGAAAAAAAAGAG 9  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  0  1  0  6  12  TTGGGCTTTATGTCAGAAAAAAAAGAG 9  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  1  0  1  0  6  12  TTGAACTATGCGTCTCAAAAAAAAGAG 13  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  1  0  0  6  12  TTGGACTATATGTCAGAAAAAAAAGAG 15  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  1  1  0  7  13  TTGGACTATATGTCAGAAAAAAAAGAG 15  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  0  0  1  6  12  TTGGGCCTTATGTCAGAAAAAAAAGAG 20  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  0  0  1  6  12  TTGGACTTTATGTCAGAAAAAAAAGGG 21  CGGC  TCACGTGTGAAGATTAGCCGAACC B  0  0  0  0  1  6  12  TTGGGCCTTGTGTCAGAAAAAAAAGAG 1  CGGC  TCACGTGTGAAGAGTAGCCGAACC C  0  0  1  0  0  7  13  TTGGACTTTATGTCAGAAAAAAAAGAG 2  CGGC  TCACGTGTGAAGAGTAGCCGAACC C  0  0  0  0  1  4  10  TTGGACCTTGTGTCAGAAAAAAAAGAG 4  CGGC  TCACGTGTGAAGAGTAGCCGAACC C  0  0  1  0  0  5  11  TTGGGCCTCGTGTCAGAAAGAAAAGAG 8  CGGC  TCACATCTGAAGATTGGCCGAACC D  0  0  0  0  1  5  11  CCGAGCCACGTGTCAGAAAAAAAAGAG 10  CGGC  TCACATCTGAAGAGTGTTGCGGTT E  1  0  0  0  0  6  12  TTGGACTTTACGTTAGAAAAGGAGGAG 12  CGGC  TCACGTGTGAGGATTAGCCGAACC F  0  0  0  1  0  6  12  CCGAGCCACGTGTCACAGGGAAAAGAG 17  CGGC  TCACGTGTGAAGAGTGGTGCGGTT G  0  0  0  0  1  6  12  TTGGGCCATGCGTCAGAAAGGGAGGGG 18  CGGC  TCACGTGCGCGGAGTAGCCCAACC H  0  0  0  0  1  6  12  TTGGGCCTTGCATCTGAAAAAAAAGAG 19  CGGC  GCACGTGTGAAGAGTAGCCCAACC I  0  0  0  0  1  7  13  TTGGGCCTTGCATCTGAAAAAAAAGAG 19  CGGC  GCACGTGTGAAGAGTAGCCCAACC I  0  0  0  0  1  7  13  TTGGACCATATGTCAGAAAAAAAAGAG 24  CGGC  GCACGTGTGAAGAGTAGCCCAACC I  0  0  0  0  2  6  12  TTGGGCCTTGTGTCAGAAAAAAAAGAG 1  CGGC  TCACGTCTGAAGAGTAGCCCAACC J  1  0  0  0  0  7  13  TTAGGGCTTGCGTCAGGAAAAAGAAAG 23  CGGC  TCAGGTGTGAAGGGCAGCCCAACC K  0  0  0  0  1  7  13  TTGGGCCTTGTGTCAGAAAAAAAAGAG 1  CGGC  TCACATCTGAAGATTAGCCGAACC M  0  0  0  0  1  7  13  TTGGACTTCATGTCAGAAAGAAAAGAG 25 CGGC TCACGTGTGAAGATTGGCCGAACC N D. Goel, et al. eNeurologicalSci 17 (2019) 100211 differences in at-risk haplotype sub lineage, spanning the repeat region of the different populations. We studied the genetic variants in an extended region surrounding ATTCT repeats. The extended haplotype analysis showed that the neighbouring haplotype arm surrounding the at-risk haplotype CGGC' majorly comprised of haplotype-A, 1-CGGC-A (55%) ( Table 2 ) and haplotype-B, 2-CGGC-B (32%) and were present across all five sub-population of KGP dataset. As SCA10 is known to occur only in people of Amerindian/Latin America and East Asian Ancestry (China and Japan), we looked across any diverged haplotype lineage with ATTCT > 13 repeats specific to AMR and EAS population. On further analysing the 5′ neighbouring divergent arm, we observed haplotype lineages (comprising of different SNPs) in either AMR or EAS populations. Furthermore, none of the haplotype lineages had shown presence in both the populations together, suggesting that these haplotype lineages are population specific as well as they were absent in other KGP (EUR, SAS and AFR) populations.
Discussion
SCA10 is one of the rare ADCA caused by pentanucleotide repeat expansion in the intron 9 of the ATXN10 gene. Till date, SCA10 cases have been reported in several countries including, USA, Mexico, Argentina, Colombia, Bolivia, Brazil and Peru (Table 3 ) [5, 7, 13, 16, 17, [22] [23] [24] . The reported cases share common SNPs associated with the SCA10 expansion locus proposing that SCA10 in Latin America has a common origin coming from an Amerindian populace. Recently, two SCA10 affected families has been documented in China and Japan having ATTCT expansion sharing common haplotype within the repeat region [14, 15] .
Genetic testing of SCA10 in a substantial cohort of Indian SCA patients did not show any pathological repeat expansion in the ATXN10 gene. Similar studies on SCA10 have documented the absence of pathological repeat expansion in the Cyprus and German populations [25, 26] . In the current study, the ATTCT repeat length was found to fall between 8 to 22 repeats which is the non-pathological or normal range. It may be suggested that the near absence of SCA10 in Indian population could possibly be due to differing ethnicities and might manifest in populations with specific genetic backgrounds [27] . Additionally to strengthen our hypothesis of absence of SCA10 in the Indian population, haplotype analysis flanking the ATTCT expansion region was carried out across various ethnic population in 1000 Genomes data (KGP). The study revealed that the at-risk haplotype is comparatively more frequent in all populations with large normal or small normal ATTCT length. However, extended haplotype analysis showed some diversified lineage at 5′ end of the CGGC haplotype with ATTCT > 13 repeats. This lineage was specifically observed in the American or East Asian population excluding other populations in KGP dataset. As common risk haplotype has been observed across all populations, so we can't rule down the possible hypothesis that independent expansion events on typically shared haplotype lineage but in different geographical regions may have possibly happened by chance event or by the backflow of human migrants from Beringia to other parts of the world [15, 28] . Altogether, these facts point towards the absence of SCA10 in Indian population and haplotype-dependent assessment furthermore suggests its occurrence to be rare in South Asian, European and African population.
Although the rarity of SCA10 has already been demonstrated previously, we attempted to investigate a large cohort of Ataxia patients for SCA10 keeping in view the recently identified cases from China and Japan. Accordingly, this study does not target SCA patients manifesting the core features of SCA10. However, we adopted a large sample size to reduce the false negatives in view of phenotypic heterogeneity to overcome the limitation. We acknowledge that patients specifically exhibiting SCA10 features may give the correct scenario of its presence in the Indian population. Another major limitation may be stated as the study being hospital based rather than a population level survey to document the exact absence of SCA10 from India. However, our being the largest single centre in this context, catering to major tertiary care centres which are accessible to patients far and wide. Yet, SCA10 cases with precise clinical phenotype may be missed or go undiagnosed keeping in view the diverse ethnicity and geographical background prevailing in India.
Conclusion
This study establishes the rarity of SCA10 in the unrelated Indian spinocerebellar ataxia patients with heterogeneous ethnicity. It is further confirmed by population genetics based inferences suggesting it be rare or absent and might manifest in populations with specific genetic background from where it originated. However, this study provides future references while considering the diagnostic work-up of SCAs in the Indian population and to decide upon inclusion of SCA10 in panel based genetic investigations even for Indians living abroad. This approach may also be adopted for the screening of other subtypes of SCAs, i.e. other rare SCAs e.g. SCA31, SCA36, and SCA37.
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